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Abstract

Over the past four decades, China’s extensive economic growth mode has led to substantial
greenhouse gas emissions, and China has become the world’s largest emitter since 2009. In
order to alleviate the dual pressures from international climate negotiations and domestic
environmental degradation, the Chinese government has pronounced it will reach its emis-
sion peak before 2030. However, through analyzing 12 scenarios, we found that it will be
very difficult to meet this ambitious goal under the current widely used policies. With the
trial implementation of China’s carbon emission trading system (ETS), concerns arise over
whether national ETS can accelerate the carbon peak process. In this paper, we propose a
new proactive data envelopment analysis approach to investigate the impacts of national
carbon ETS on carbon peak. Several important results are obtained. For example, we find
that carbon ETS has a significant accelerating effect on carbon peak, which effect will
advance the carbon peak by one to 2 years, and the corresponding peak values are reduced
by 2.71-3 Gt. In addition, the setting of carbon price in the current Chinese pilot carbon
market is found to be overly conservative. Last, our estimation on the carbon trading vol-
ume indicates that the ETS lacks vitality as the annual average carbon trading volume only
represents approximately 4.3% of the total average carbon emissions. Based on these find-
ings, several policy implications are suggested regarding the means by which China can
more smoothly peak its carbon emissions before 2030 and implement national carbon ETS.

Keywords Carbon emission trading system - Carbon peak - Proactive data envelopment
analysis - Carbon marginal abatement cost

P< Qingyuan Zhu
zqyustc @mail.ustc.edu.cn

College of Management Engineering, Nanjing University of Information Science and Technology,
Nanjing 210044, People’s Republic of China

College of Economics and Management, Nanjing University of Aeronautics and Astronautics,
Nanjing 211106, People’s Republic of China

Research Center for Soft Energy Science, Nanjing University of Aeronautics and Astronautics, 29
Jiangjun Avenue, Nanjing 211106, China

@ Springer


http://orcid.org/0000-0002-2024-6134
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-020-04469-9&domain=pdf

2488 Natural Hazards (2021) 107:2487-2515

1 Introduction

Over the past four decades, economic growth has been a high priority issue for China, and
its nominal gross domestic product (GDP) has grown approximately 220 times since 1978
(Zhang et al. 2017). However, such rapid growth is inextricably linked to the consumption
of large amounts of energy, resulting in a high growth on greenhouse gas (GHG) emis-
sions (Zhu et al. 2020a). In fact, China has surpassed the U.S. and become the largest CO,
emitter since 2009 (Wu et al. 2018). To alleviate the dual pressures from domestic environ-
mental deterioration and international climate negotiations, China has announced its GHG
emission targets in the “U.S.-China Joint Announcement on Climate Change” released in
2014. The central element of the target intends to peak CO, emissions by 2030 or earlier.
The carbon emission peak in China would have a significant impact on achieving the goal
set in the Paris Agreement, which stipulated that the global average temperature rise should
be controlled within 2 °C in this century. According to the fifth assessment report of inter-
governmental panel on climate change’s (IPCC), it would be possible to achieve the 2 °C
target if global GHG emissions are reduced to 30-50 Gt carbon dioxide equivalent by 2030
(Mi et al. 2017), and China should maintain its maximum carbon emissions within 12 Gt to
better help the world achieve the 2 °C target. However, it is predicted that China’s carbon
dioxide emissions will grow to 18 Gt by 2030 if China does not take measures to control
GHG emissions (Tol 2013); in this scenario, the 2 °C target is unlikely to be achieved.
Therefore, China inevitably needs to take measures to control its carbon emissions.

According to Kaya identity, there are three main strategies to reduce carbon emissions
at the macro level: the economic scale, the technology and the structure effects (Kawase
et al. 2006). Hence, previous studies on carbon reduction mainly focused on predicting
changes based on these three strategies to investigate when China will achieve its carbon
emission peak. Details are summarized in Table 1. For instance, Mi et al. (2017) assessed
the trade-off between carbon reduction and economic growth using an input—output-based
optimization method. They found China may achieve its peak before 2026 if the GDP
growth rate is approximately 5% over the next two decades. den Elzen et al. (2016) uti-
lized bottom-up and FAIR/TIMER model to predict the time and the peak value of China’s
carbon peak. In their study, the projected peak time is 2030, and the corresponding carbon
emission value ranges from 11.3 to 11.8 Gt. Studies on China’s carbon peak with respect
to different sectors and industries (such as power sector, industrial sector and non-ferrous
metals industry) can also be found (Khanna et al. 2016; Li et al. 2018; Tang et al. 2018;
Yu et al. 2018a). Although there are variations in the methods employed by abovemen-
tioned studies, one common finding can be obtained, i.e., China can realize its peak target
before 2030. However, certain studies hold the opposite view that China cannot achieve
carbon peak before 2030. For example, Meng et al. (2017) forecasted carbon emissions
with respect to five scenarios to demonstrate that China cannot easily peak carbon emis-
sions before 2030. According to Niu et al. (2016), China will peak carbon emissions in the
year 2032 if China’s GDP growth decelerates at an annual rate of 0.05%. Yuan et al. (2014)
set 13 scenarios according to Kaya identity to simulate China’s energy and emission peak.
They all obtained that China is less likely to peak before 2030, and the predicted peak time
ranges from 2030-2035.

Although strategic policies have also incorporated different methods to predict the peak
time and value, certain decisive policies [such as carbon emission trading system (ETS)]
continue to be missed, since China’s policies on energy and climate are developed and
updated excessively fast. In December of 2017, the overall design of the national carbon

@ Springer



2489

Natural Hazards (2021) 107:2487-2515

A310u0

9G0°() JO 9JeI [enuue UL JO AJISUQUT SUOTSST poyjour
Je SOJRIS[903P YIMOIS D IN 9°S0T ET-SSI 1 760¢ ‘Kysuayur A310u9 ‘dAD paseq-Ainuopr eAey Liitte) 9107 e 19 MIN
K310 [opow YANIL
sainseoawr Ao1jod pooueyuyg 1D STI-CTT 0€0T -u001q ‘dgo ‘uonerndod /I pue dn-wonog BUIYD 9T ‘T8 10 USZ[g Usp
9Sueyo a1monins
%6 A[orewrxordde surewax [ermsnpur ‘a3ueyd [eo130]
qje1 YImoIs Jgo oSerone -0uTod} ‘UOISSIWS U0QIed
[enuue Jo punoq Jomoj Y[, 1D0TT1T 9707 ‘uondwnsuod £310u0 ‘dgon [epow ndino—ndug BUIYD L10T T8 19 A
Qreys A310U9 [1SSOJ-UOU
0€07 21032q yead suors ‘Kouaronye 1omod [ewray) Ansnpur
-STWQ SJI UTB)IR JOUULd BUIYD) - - ‘vondwnsuod AIoLIOd[g SISATeuR paseq-oLIBUIS Iomod o1199[9 s BUIYD L10T T8 19 Sus|y
qreys joIRW el
KI0YepURW 9[qEMIULI PIJE yImoIs fenuue Jqo ‘orel
-I9[ed0% YIIM YOJedsIp UsaIn 1D ISy 0€0z  uonezrueqin ‘uone[ndoq poyiowr dn-wopnog 10)00s Tomod s eUIYD) 9T [e 10 BUURYY]
(sz0T
U1 Suo} UolIw 794 St
Ansnpur wnuiwnye ayj Jo Kouoar
9reos uononpoid oy “9'1) -15o AS10U9 ‘AyIsuajur poyow Ansnpur
011BU9s uononpoid mo N L6T GZOT  u0qIed ‘9[eds uononpoid paseq-AInuapl eAey]  S[EIOW SNOLIJ-UOU S BUTYD) 810C TR I'T
Ioqge|
‘uondwnsuod A31aua ‘A
-oedes uononpoid ‘yuow
ozrundo 03 a1myonns -Kordws ‘q@o ‘enpea [opow uon
[etnsnpur o) Sunsnlpy D OCTI-ITTT S20C—CToT UOISSIWD AN -eziundo 9ANd[qO-NINJA 10109 [eLHSNPUL S BUTy) BRI0C e3P nA
Kyoedes ‘puewap Ao
AS19U0 9[qeMaURT -09[0 ‘S1S0J UOISSIUISURI)
orow 3ursn pue ser3ojou ‘1800 ASI10U9 ‘$1S00 A [opouwr 1omod-£30
-09) paoueApE Sunowoid IN 66 LTLE €20T pUE () ‘$JSOO JUSWIISAAU]  -[OUYDQ) ASIOUD [RUOTIEN 103035 1amod s euIy) 810C 'Te 10 Suey,
SOLIBUQDS J[qQISEa,] Ieok Jeoq onfeA Yedq SO[qeIIBA POYIOIN pIetgy (1eak) J0UyINYy

Jead SUOISSTWS UOQILD S BUINY) UO SAIPN)S SNOTAIJ | d|qel

pringer

As



Natural Hazards (2021) 107:2487-2515

2490

KImuad s1y-Kjuam) ) Jo
pu2 Y} AQ SUOISSIWD 7O
1D ] BIUAT [[IM BUIYD

Jusw
-onoxdur Aouaroyye A310u
pue yymoIs Jgo surfeseyq

N 00¥6-00C6  S€0T-0£0T

Kysuojur

uoqres ‘uondwnsuod

K319u9 ‘Aysudur
A310u0 ‘g@o ‘uonerndog

QWOOUI JUIPISAI

‘Kyisuaqur A310U9 ‘uon

-BZIURQIN ‘9INIONNS [ern)
-snput ‘g@o ‘uone[ndod

SHINIL

poylouw
Paseq-A1Iudpt eAeY

SOLIEUQDS A[qISBd,]

Ieak yeod  on[eA yeoq

SO[qeLIEA

POUISIN

eury) 110 T2 10 10y
eury) 10 ‘T2 30 ueng
plotd (1eak) Joymy

(ponunuod) | sjqer

pringer

A s



Natural Hazards (2021) 107:2487-2515 2491

ETS for power industry has been completed and officially launched. The Chinese govern-
ment also planned to establish the nationwide carbon trading market with respect to entire
industries around 2020. That is, carbon trading market policy is bound to be implemented
in China. Therefore, the impacts of carbon ETS on carbon emissions need to be further
investigated.

There is extensive literature on carbon ETS, and the number of studies has been grow-
ing over years (details are shown in Table 2). Simulation-based methods are most widely
used to investigate the impacts of carbon ETS on economy and environment (e.g., Hiibler
et al. 2014; Li and Jia 2016; Liu et al. 2016, 2017; Tang et al. 2015; Wang et al. 2015;
Zhu et al. 2017). In these studies, the carbon reduction target is normally treated as an
exogenous variable such that they can determine how many GDP losses by reducing car-
bon emissions. It is demonstrated that GDP losses can be considerably retrieved through
implementing carbon ETS. However, uncertainties could be expanded by simulation-based
methods since the results are highly dependent on the choice of models and assumptions
in models. Furthermore, the procedure of collecting data is complicated; even some data
cannot be accurately found from official reports. To avoid these uncertainties, operational
optimization methods are proposed (Li et al. 2017; Song et al. 2018).

Among operational optimization methods, the data envelopment analysis (DEA) method
is much appreciated by scholars due to its features, which are accurate, flexible in data
requirements and can simulate the production process (Zhou et al. 2015). For example,
Fire et al. (2014, 2013) proposed the DEA-based method to estimate the potential eco-
nomic gains from a spatial tradable permit scheme and a spatial-temporal tradable permit
scheme in U.S. electric power plants. The results indicated that the rigidity of the pollutant
permits trading mechanism will be the barrier to attaining pollution cost savings. Wang
et al. (2016a) applied the same method to estimate the potential gains from China’s carbon
ETS. The researchers found approximately 46% and 26% of the cost saving could be real-
ized when the carbon permits are allowed to be traded spatially and temporally, respec-
tively. Similar empirical studies with respect to China’s thermal power industry and indus-
trial sector can also be found (e.g., Wang et al. 2016b; Yu et al. 2018b).

Reviewing above studies on carbon emission peak and carbon ETS, several flaws are
summarized as follows: First, the issue that combines carbon peak with carbon ETS has
rarely been studied. However, this issue is of great importance for policymakers because
the results can remind them whether they need to adjust current policies or not. Second, the
underlying assumption in existing methods would cause huge impacts on economy. Specif-
ically, considering China as a developing country, economic development remains China’s
primary task, most existing literatures’ research paradigm is maximize economic growth
subject to the given emission reduction targets. However, the imprecise pre-set emission
reduction targets might have already caused great damage to the economy. Hence, the
assumption of minimizing carbon emissions as much as possible without damaging eco-
nomic development will be more appropriate. Third, when the DEA method is applied to
measure the impacts of carbon ETS on China’s economy and environment, the unsmooth
characteristic of the DEA production frontier is not taken into account, namely that the
marginal production (MP) of certain units is not unique.

To fill these gaps, this paper combines Kaya identity and a new proactive DEA-based
method to analyze whether the carbon ETS will accelerate China’s carbon peaking process.
If so, how many years ahead of schedule will China reach its peak, and how much will the
corresponding carbon emissions be? Specifically, different scenarios are set based on Kaya
components to predict the carbon emissions peak given that carbon permits are not allowed
to be traded. Then, a proactive DEA-based method based on a nonlinear O—1 programming
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is proposed to evaluate the potential impacts of the national carbon trading policy on Chi-
na’s carbon emissions. Finally, the eventual peak time and value are adjusted when carbon
emissions permits are tradeable.

The main theoretical contributions of this paper are summarized as follows: (1) this
study provides the first attempt to consider the carbon trading policy to predict the likeli-
hood that China will peak its emissions by 2030 through utilizing the new proactive DEA-
based method rather than complex simulation-based methods. (2) The optimal energy
input and carbon emissions of each province can be adjusted using a proactive DEA-based
method given that the carbon trading policy cannot negatively affect GDP. Additionally,
suppliers and demanders of carbon emissions permits can be identified. (3) Results of this
paper may elucidate the wisdom of the government’s decision and even potentially cause a
change in current policy (namely the results from this paper can provide the reference for
policymakers that which current scenarios can be adopted to achieve the carbon peak target
when the carbon trading policy is considered).

The remainder of this paper is organized as follows: Section 2 introduces the methodol-
ogy. Section 3 shows the empirical study and unveils the corresponding results. The con-
clusions and policy implications are given in Sect. 4.

2 Methodology
2.1 Carbon peak forecasting without carbon ETS

As an analytical framework for studying the change characteristics of things, decompo-
sition analysis methods have been applied more and more in environmental economic
research. There are two common decomposition methods, one is index decomposition anal-
ysis (IDA), and the other is structural decomposition analysis (SDA). Compared with SDA
method which needs input—output table data as support, IDA method only needs depart-
ment aggregate data and is more widely used. Kaya identity (Kaya and Yokobori 1997),
as a typical IDA decomposition method, is the mainstream analysis method to explore the
driving factors of carbon emissions at present. Kaya identity states that total emission level
can be expressed as the product of different inputs, so it has the advantages of simple math-
ematical form, no residual decomposition and strong explanation for the driving factors of
carbon emission change. According to the Kaya identity, the macro-carbon emissions from
energy consumption can be expressed as:

CcO
2, Energy .

COo, =
Energy GDP

GDP (1)

Based on the identity, CO, is decomposed into three variables: carbon emission inten-
sity, energy intensity and GDP. (1) carbon emission intensity (CI), emissions from one unit
of energy consumption, reflects the energy consumption structure of a country or region.
The gradual adjustment of a coal-oriented energy structure to a clean and renewable-ori-
ented energy structure will effectively reduce carbon intensity. (2) energy intensity (EI),
energy consumption per unit GDP, is one of the most commonly used indicators of the
comprehensive energy use efficiency of a country or region, which reflects the economic
benefits of energy utilization. The lower the energy intensity is, the higher the energy
use technology will be. (3) GDP represents the economic scale of a country or region; its
growth cannot be separated from the use of energy, thus increasing carbon emissions. For
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developing countries, GDP growth is rigid and is the most essential driving factor for the
growth of various emissions.

Considering that CI and EI have shown a decreasing trend, whereas GDP has shown an
increasing trend, China can reach its peak only when the emission reduction value caused
by decreasing CI and EI are greater than the emission increase value caused by expand-
ing GDP. Specifically, as the energy structure is upgraded and the energy use is improved,
the emission reduction effects will be equal to the emission increase effect of economic
growth, and China’s emissions’ curve will attain an inflection point (i.e., peak point).
Thereafter, China’s carbon emission shows a declining trend. It should be noted that both
emission reduction and increase effects are affected by the current corresponding policies.
Hence, the occurrence year of China’s carbon emissions peak and its peak value are fore-
casted based on the combinations of the change trends of three variables with respect to
different scenarios. The change trends of the CI and EI are forecasted by utilizing a unitary
regression mode, and the GDP increase trend is forecasted by the compound growth model
(detailed forecasted results are available in Sect. 3.2).

2.2 Carbon peak forecasting with carbon ETS

Decomposition analysis methods are wildly used to study the change characteristics of pol-
lution emissions, including SDA, Arithmetic mean Divisia Index (AMDI), Logarithmetic
mean Divisia Index (LMDI), etc. Although these methods, which focus on exploring the
contribution of various driving factors to the emission changes, play the important role
in explaining the causes of pollution emission changes, they are powerless to explain the
influence of policies (such as carbon ETS) on pollution emissions. To reduce bias caused
by choosing evaluated methods, this paper employs the DEA-based method, since this
method is accurate, flexible in data requirements and can simulate the production process.
More importantly, by constructing corresponding carbon trading constraints in the model,
DEA-based method can further evaluate the carbon reduction effect of carbon ETS (Wu
and Gong 2020).

In contrast to the existing DEA-based methods, this paper proposes a new proactive
DEA evaluation method in which two features are considered to make our method more
realistic. (1) Each province tries its best to reduce carbon emissions without damaging eco-
nomic development rather than each province potentially maximizing its GDP under the
given carbon emissions reduction target. The assumption is set based on two realistic rea-
sons: on the one hand, that emission reduction at the expense of economic development
may not be suitable for China’s current development strategy, and on the other hand, that
it is difficult to set precise emission reduction targets for each province. (2) The reduction
of carbon emissions is mainly due to the reduction of energy input, and the energy adjust-
ment of a province is based on its energy MP. With these two features, each province could
adjust its energy input proactively according to its energy MP and economic development
status, and provinces that intend to increase energy could purchase carbon emission per-
mits from provinces that intend to reduce energy input, thus realizing the circulation and
trading of carbon emission permits.

2.2.1 The estimation of MP

First, the energy marginal product rate needs to be evaluated. In this study, there are three
inputs (e,c and /) of energy, capital stock and labor force, one desirable output (y) of GDP for

@ Springer



Natural Hazards (2021) 107:2487-2515 2495

each j = 1,2, .-, nprovince, and 4; is the multiplier of j th province. The production possibil-
ity set under variable-return-to-scale (VRS) is defined as (Zhu et al. 2019, 2020b):

n n n
T :{(e,c,l,y) Z Ae; < e, Z Aic; <, Z Ajlj <l
J=1 J=1 J=1
n n
D Ayzy Y A=142 O,Vj}
j=1 j=1

From model (2), the production possibility set is estimated by a piece-wise linear concave
function that envelops all observations. Thus, in contrast to other production function estima-
tion methods (such as Stochastic Frontier Analysis, SFA), the production frontier estimated by
DEA is not smooth everywhere. In other words, certain DEA’s observations on the production
frontier do not have unique MPs. Figure 1 shows the MPs and production frontiers with one
input and one output estimated by SFA and DEA, respectively.

From Fig. 1, the MP of each observation on the SFA production frontier is unique, whereas
several observations’ (such as point j) MPs estimated by DEA are not unique. Given the non-
unique MP situation, this paper employs the directional derivative technique (Podinovski and
Fgrsund 2010) to calculate the left side marginal production (left-MP) and the right side mar-
ginal production (right-MP).

Let v, Vg Virs U, and u,, be the shadow prices of energy, capital stock, labor force, GDP
and intercept term of rth province, respectively. Then, rth province’s energy right-MP, which
represents consumed GDP expanding with an increase in energy consumption, can be calcu-
lated by the following model.

2

Right — MP(r) = f* = minv,,

s.tovge, +vyc, + vl —uy, +u, =0;
Ver€j + Vo€ + vl — uy;+ Uy = 0, Vjandj # r; 3)
Vers Ve Vie = 0, ug free.
u,=1;

To calculate the energy left-MP, which represents consumed GDP contracting with a
decline in energy consumption, the objective function of model (3) is replaced by the fol-
lowing function.

Left — MP(r) = . = maxv,, 4)

According to the proof of Podinovski and Fgrsund (2010), the right-MP always exists.
The left-MP exists when the energy consumption level of rth province can be reduced;
otherwise, model (4) is an unbounded objective function. It should be noted that only the
provinces on the production frontier can be defined through the above two models, and
MPs for inefficient provinces are defined according to the assumption that inefficient prov-
inces’ MPs are the same as the MPs of their reference provinces on the production frontier
(Lee and Johnson 2014).
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Fig. 1 Marginal production rate A
estimation y

y=/ Production frontier
estimated by SFA

Production frontier
estimated by DEA

2.2.2 The estimation of the impact of carbon ETS on carbon emissions

Let *, p.0 and d, be the right-MP, the left-MP, the energy reduction effect of carbon ETS
and the additional energy adjustment, respectively. The total energy consumption (TEC) of
the province is composed of the energy reduction effect of carbon ETS and an additional
energy adjustment caused by trading permits; it can be further expressed as:

TEC, =0 *¢,+d, 3)
From model (5), the eventual total energy adjustment (TEA) is defined as:
TEA, = TEC —e, (6)

If the value of TEA is positive, this represents that the province intends to expand its
energy input to increase GDP; according to definition of MP, the adjusted GDP (AGDP) is
measured as (Lee and Johnson 2014):

AGDP, = g* « TEA +y, (7

Otherwise, the province is likely to contract its energy consumption; the AGDP is meas-
ured as:

AGDP, = g~ + TEA +y, (8)

Then, under the carbon ETS, the inputs and output of the rth province are adjusted from

(e,,c,,1.,y,) to (TEC,,c,, ., AGDP,). Note that the adjustments of inputs and output are

not arbitrary but are based on corresponding adjustment constraints. Since the assumption

underlying the model is reducing emissions without damaging economic development, the

first constraint, the national total GDP, should be greater than the original national total
GDP:

> AGDP, > Yy, ©)
r=1 r=1
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To make the carbon trading market Pareto efficient, it is assumed that the carbon trading
market is clean. In other words, the second constraint is there are no idle carbon emission
permits and no excess demand in the market:

Y Cl«d =0 (10)
r=1

Since the value of CI is positive, Eq. (10) can be rewritten as:

Yd =0 (11)
r=1

Additionally, carbon ETS may promote production technology; however, this promotion
is not significant in the short term. That is, the production frontier under carbon ETS will
not be extrapolated. Hence, the third constraint is expressed as all adjusted observations
remain enveloped by the original production frontier:

(TEC,,c,,!,,AGDP,) € T (12)

The objective function is to use the given energy input to minimize carbon dioxide
emissions. In sum, the impact of carbon ETS on carbon emissions can be assessed by using
the following proactive DEA-based method:

min 6
s.t. (TEC,,c,,l.,AGDP,) € T, Vr;

zn: AGDP, > Zn: Vi
r=1

r=1

13)

n

Y d, =0;

r=1

TEC,,c,.1,,AGDP > 0;

It should be noted that model (13) cannot be solved because the logical statement (i.e.,
if TEA, >0, then AGDP, = g* + TEA +y,; otherwise, AGDP, = g~ + TEA +y,) is
included in the model. Hence, the 0—1 binary variable is employed to convert the logi-
cal statement to a mathematical expression. The detailed mathematical expression is as
follows:

B.=BFxz,+p *(1-2,)
TEA, <M x z,

TEA, > -M % (1 —z,)

z, €{0,1},

(14)

where M is a sufficiently positive number. Based on the conversion, the model (13) can be
rewritten as:
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stZe *A]rse*e +d., r=12,...n
j=1

n

Zc * A <c r=12,...n

jr = %r>
j=1
n
le * Ajrsl,, r=1,2,...n;
=

Zyj*Aery,+(9*e,+d,—er)*ﬂ,,, r=12,...m;
j=1
n

Yh=1 r=12..n (15)
j=1

Bo=pF sz, +p x(1—z), r=12,..m

Oxe +d.—e, <M=z, r=12,..n
Oxe.+d.—e.>-M=x(1-z), r=12,..n

z, €{0,1}, r=1,2,...

n

Y Oxe, +d —e)xp, >0

r=1

2d,=0;

V],r A. >0

s Mir =

Model (15) is a non-linear 01 programming with (n 4+ 1)? variables and 9n + 2 con-
straints, and the software called the “general algebraic modeling system (GAMs)” is
employed to solve model (15).

Finally, the total carbon emissions reduction (TRCO,) caused by carbon ETS is meas-
ured as:

TRCO, = CI % (1 — 6) * Z e, (16)

r=1

2.2.3 The accelerating effect estimation of carbon ETS on the carbon peak

It is assumed that the carbon emissions in the year of ¢ without carbon ETS are measured
by using the three predicted variables, i.e., CI,, EI, and GDP, (Li et al. 2018).
CO,, = GDP, % CI, * EI, (17)

In addition, the carbon reduction is forecasted and is denoted by TRCO,,. Then, the final
carbon emissions under carbon ETS is evaluated as:

FCO,, = CO,, — TRCO,, (18)
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There are three means to predict the trajectory of TRCO,,. The first one is to predict the
relationship between TRCO,, and time ¢ directly. The second mean is the change tendency
in 6 is projected, and the TRCO,, is expressed as the product of CI,, (1 —6,) and }"_, e,..
The result from this method is most persuasive since linkages between TRCO,, and policy
scenarios (changes in CI, and Z'r’zl e, are affected by policy scenarios) can be displayed.
However, there may be no statistical significance in the prediction of 8 if the trajectory of
0 fluctuates excessively. The last method is predicting the change trend of hidden factors,
which affect the TRCO,, significantly, and the trajectory of TRCO,, is projected indirectly.

3 Empirical analysis
3.1 Data description

In contrast to the current pilot carbon emission trading market at lower levels, the trading
participants in the nationwide carbon ETS are provinces; hence, the macroeconomic data
of China’s 29 provinces from 2001 to 2016 (except Taiwan, Tibet, Macau, and Hong Kong;
moreover, Chongqing and Sichuan are merged into one province to maintain data consist-
ency) has been collected. The particular collection techniques for the five variables are as
follows:

(1) The perpetual inventory method is used to calculate the capital stock (100 million
yuan):

cr =cr (1 =67) + 1, (19)

where c¢; denotes the total capital stock in year T'; §; is the assets depreciation rate,
and we set the depreciation rate at 9.6% according to Zhang et al. (2004); I;- denotes
the newly increased capital stock. It should be noted that the primary capital stock
is proposed by Zhang et al. (2004), and we further expand their results to 2016. The
capital stocks in different years are converted into 2000 prices.

(2) Labor force (10,000 people): the people engaged at the end of the year represent the
labor, and the date is clearly reported in provincial Statistic Yearbook.

(3) The following formula is utilized to measure the energy consumption (10,000 tons of
standard coal):

Ep = Z Eirp;s (20)
1

where E;; indicates the type of energy usage, including crude oil, gasoline, fuel oil,
coal, natural gas, coke and diesel oil; p; denotes the conversion coefficient of standard
coal for i th energy.

(4) GDP (100 million yuan) deflates to the constant 2000 price.

(5) The carbon dioxide emissions are estimated on the basis of the Intergovernmental Panel
on Climate Change (IPCC, 2006), and the specific formula is:

CO, = Y E,  NCV, x CEF, % COF, %, @1
i

@ Springer



2500 Natural Hazards (2021) 107:2487-2515

where E;, NCV,, CEF; and COF; are the energy consumption, net calorific value, car-
bon emission coefficient and carbon oxidation factor of i th energy, respectively. The
44/12 is a coefficient converting carbon into CO,.

The descriptive statistics for inputs and outputs for China are presented in Table 3.

3.2 Results and discussion
3.2.1 Trajectory of GDP

Since the reform and opening up, China’s economy has developed rapidly, with an average
annual growth rate of 9.7%, which is 2.5 times the global growth rate. In addition, as of
2010, China has become the world’s second-largest economy with 27,346.43 billion 2000
yuan GDP (Fig. 2).

To turn the economic development mode towards quality-efficiency, China has slowed
its economic growth rate and entered the “new normal” in 2013. Hence, the future GDP is
predicted by the composite growth model; it can be expressed as:

GDP, = GDP,_, * (1 + r,, — r,(t — 2016)), 22)

where r, is the GDP growth rate in 2016, and r; is the GDP deceleration rates. In this
paper, the deceleration rates are set at 0.05%, 0.1% and 0.15%, respectively, which mean
GDP growth will slow at 0.05%, 0.1% and 0.15% per respective year. Additionally, based
on the predicted results from national and international studies (i.e., the annual economic
growth rate under the “new normal” will stabilize between 5 and 8%) (Niu et al. 2016),
ro — ri(t —2016) is set at a constant 6.5%. There is no significant difference in the predic-
tion results before 2026, and the results predicted under r; = 0.05%, and the growth rate is
6.5% also showed no significant difference. Different predicted GDPs with respect to four
growth rates are shown in Fig. 3.

3.2.2 Trajectory of Cl

CI, emissions from one unit of energy consumption, reflects the cleanliness of energy con-
sumption. As the proportion of clean energy has gradually increased from 6.67% in 2005
t0 9.6% in 2013 and to 10.4% in 2016, CI showed a steady downward trend, declining from
2.02 in 2005 to 1.98 to 2016. The detailed change trend of CI is shown in Fig. 4. From
Fig. 4, there is a strong linear relationship between time and CI after 2005, and the linear
function can be expressed as:

CI, = —0.0037 * 1 + 9.4572(R* = 0.9882) (23)

3.2.3 Trajectory of El

EL reflecting comprehensive energy use efficiency of a country or region, has shown a
fluctuating decline in the improvement of energy use efficiency (see in Fig. 5). In terms of
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Table 3 Summary Statistics for Inputs and Outputs in China, 2001-2016

Statistics ~ Capital stock Labor force Energy con- GDP Carbon
(100 million yuan) (10,000 people)  sumption (100 million yuan)  dioxide
(10,000 tons of emissions
standard coal) (10,000 tons)
Mean 303,791.65 74,980.87 451,644.15 278,468.38 904,359.22
Median 307,085.77 74,939.37 466,340.91 251,937.82 937,921.38
SD 74,059.547 5,691.15 152,691.85 140,636.20 301,537.44
50000 - 0.16
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Fig.2 China’s GDP and GDP growth rate from 1978 to 2016

residual square sum and statistic distribution rule of error, there is a good fit between EI
and the time exponent, and the predicted function can be expressed as:

El, = 2.3164 % ¢ 0054=2009(R2 — (0,9776) (24)

Considering the constraint effect of policy, i.e., Chinese government has announced that
the carbon emissions per unit of GDP by 2030 should be reduced by 60-65% compared
with the level in 2005 at the 2009 Copenhagen Summit, the corresponding EI should range
from 0.780 to 0.891 Ton coal equivalent/10,000 yuan in 2030. Let the EI in 2030 be 0.780
and 0.891 Ton coal equivalent/10,000 yuan, respectively; the predicted functions can be
expressed as:

El, = 2.168 % ¢ 0042(=2009(R2 — (. 9632) (25)

El, = 2.107 % ¢~0-038=2009(R2 — (0.9199) (26)

EI in 2030 predicted by Eq. (24) is 0.569 Ton coal equivalent / 10,000 yuan and is
lower than the results measured from (25) and (26); hence, Eqgs. (24)—(26) represent high,
medium and low change rates of EI, respectively; detailed predicted results are shown in
Fig. 5. From the figure, it is shown that it would be difficult for China to reduce its EI to the
world average (0.125 per kg oil equivalent/2011 $) before 2050 even if with a high change
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rate. This finding indicates that China continues to have substantial potential for further
decreasing its EI.

3.2.4 Trajectory of carbon emissions under different scenarios

As the largest CO, emitter, China’s emissions increased year over year. The fast-rising
trend was most evident during 2000 and 2011. Carbon emissions increased from 42,192
billion tons in 2000 to 120,120 billion tons in 2011, an increase of approximately 2.85
times. Thereafter, carbon emissions have shown a slight growth trend (see Fig. 6). To
forecast the change of Chinese carbon emissions, 12 scenarios have been simulated
based on the change trends of the above three variables. The specific descriptions of
the 12 scenarios are shown in Table 4, and the future carbon emissions with the 12 sce-
narios are shown in Fig. 6.

Among the 12 scenarios, Chinese carbon emission peaks occurs before 2045 in 6 sce-
narios, and China can realize its target before 2030 in only two scenarios. Specifically,
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if GDP grows at a high rate (r; = 0.05%), China, under S1, will reach its emission peak
in 2044 with 15.58 Gt, which is nearly 25% more than 2016. If GDP grows at a modest
rate (r; = 0.1%), emission peaks will appear by the end of 2043 in S4 and S5. In S4,
GDP grows at a moderate rate; EI decreases by 51.7%, and CI declines by 2.7%. China
will peak in 2030 with 14.11 Gt, which is approximately 1.13 times of 2016. Compared
with S4, only EI declines at a lower rate in S5, while peak value increased by 39.0%,
and peak time is delayed by 13 years. If GDP slowly grows, China will peak before 2036
in all three scenarios, and the corresponding peak value ranges from 13.65 to 19.06 Gt.
However, China is unable to attain its peak before 2045 as long as its GDP growth rate
remains unchanged at 6.5%.

The analysis has demonstrated that it would be laborious for China to fill its interna-
tional promise of reaching the emission peak before 2030, much less maintain the maxi-
mum carbon emissions within 12 Gt to better help the world achieve the 2 °C target.
When GDP grows at a low rate, and EI and CI declines faster than the corresponding
rate in S7, this will make it possible to peak before 2030 and limit carbon emissions to
less than 12Gt. However, the low GDP growth is not conducive to improving people’s
living standards and will set obstacles for China’s entry into the “high -income” group.
Additionally, the rapid reduction of EI and CI will put considerable pressure on the
improvement of the energy structure and emission technology. Seeking help from mar-
ket mechanisms appears to have been realized.

3.2.5 Estimations of energy MP and carbon marginal abatement cost

Model (3) and Model (4) are used to estimate the energy right-MP and left-MP, respectively,
from 2001 to 2016; the results are shown in Table 5. Right-MP showed a fluctuating upward
trend, increasing from 201 yuan/ton in 2001 to 1224 yuan/ton in 2016. A similar change
trend is shown in left-MP, which increased from 1654 yuan/ton in 2001 to 6668 yuan/ton.
The increase of MP reflects the improvement of productivity over time, and the comparatively
higher left-MP indicates that the economic losses caused by reducing one unit energy input is
greater than the economic benefits caused by increasing one unit energy input. Based on the
right-MP and left-MP, the corresponding right carbon marginal abatement cost (MAC) and
left MAC from 2001 to 2016 are measured through dividing MP by CI, and the results are also
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Fig.6 Change trends in carbon emissions

shown in Table 5. The average MAC ranges from 390 yuan/ton to 1625 yuan/ton, which is
lower than the average transportation sectors’ and industrial sectors’ MAC (Zhou et al. 2015;
Wang and He 2017; Xiao et al. 2017) and similar to the provincial level results reported by
existing studies (range from 475.3 yuan/ton to 2020 yuan/ton) (Wang et al. 2011, 2018; Wang
and Wei 2014; Du et al. 2015; Yang et al. 2018; Wu et al. 2019). Hence, the result obtained in
this study is reasonable.

3.2.6 The impact of carbon ETS on carbon emissions

Model (15) is employed to evaluate the impact of carbon ETS on carbon emissions
given that the GDP cannot be damaged, and Table 6 first reports the energy reduction
percentage from implementing nationwide carbon ETS. The second and third columns
are the value of energy reduction and energy related emission reduction, respectively.
The last column shows the total trading volume of carbon permits in carbon trading
markets.

The percentage of energy reduction from carbon ETS ranges from 3.5% to 13.4%
from 2001-2016, which indicates that approximately 0.969 Gt coal equivalent energy is
overused every year over the past 16 years due to the inefficiency of resource allocation,
resulting in an additional nearly 1.94 Gt of carbon dioxide emissions per year. Addition-
ally, both energy reduction and emission reduction show an upward trend, which reveals
regulatory rigidity on carbon ETS will result in more energy waste and unnecessary
carbon dioxide emissions in the future. Thus, implementing carbon ETS as soon as pos-
sible is conducive to promoting China’s environmental commitments and targets.

In terms of emission trading volume, the annual average value is 0.320 Gt, repre-
senting approximately 4.3% of the total average carbon emissions indicating that the
carbon trading market is not currently sufficiently vigorous. However, the trading vol-
ume increased from 0.0766 Gt in 2001 to 0.495 Gt in 2016 in fluctuation, an increase
of approximately 6.46 times reflecting that the activity of the trading market will be
improved over time. The lack of vitality in the current market is mainly caused by over-
allocation of carbon emission permits. However, with the increase of MAC, carbon
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Table 5 Estimations of average energy MP and carbon marginal abatement cost

Right-MP Left-MP Right MAC Left MAC

(10,000 yuan/ ton) (10,000 yuan/ ton) (10,000 yuan/ ton) (10,000 yuan/ ton)
2001 0.0201 0.1645 0.0100 0.0816
2002 0.0349 0.1690 0.0173 0.0839
2003 0.0478 0.1780 0.0237 0.0883
2004 0.0592 0.1848 0.0294 0.0917
2005 0.0671 0.1867 0.0332 0.0924
2006 0.0786 0.2462 0.0390 0.1220
2007 0.0835 0.2421 0.0414 0.1202
2008 0.0901 0.3556 0.0448 0.1768
2009 0.0959 0.3385 0.0477 0.1685
2010 0.0944 0.3116 0.0471 0.1552
2011 0.0706 0.3173 0.0353 0.1586
2012 0.0958 0.4106 0.0480 0.2056
2013 0.0808 0.4642 0.0406 0.2330
2014 0.0777 0.4684 0.0391 0.2356
2015 0.1310 0.4963 0.0660 0.2502
2016 0.1224 0.6668 0.0618 0.3366
Average 0.0781 0.3250 0.0390 0.1625

permits, as a kind of production resource, will become increasingly precious; thus, the
demand of carbon permits will increase (According to our calculation, the number of
provinces demanding carbon emission permits increased from 21 during the 11th Five-
Year Plan period to 23 during the 12th Five-Year Plan period and 25 during the 13th
Five-Year Plan period.).

Furthermore, to investigate the geographical distribution of demanders and suppliers for
carbon emission permits, 29 Chinese provinces are further subdivided into eight economic
areas: (1) Northeast area includes Liaoning, Jilin and Heilongjiang. (2) Northern Coastal
area contains Beijing, Tianjin, Hebei and Shandong. (3) Eastern Coastal area covers
Shanghai, Jiangsu and Zhejiang. (4) Southern Coastal area comprises Fujian, Guangdong
and Hainan. (5) Middle Yellow River area consists of Shanxi, Shananxi, Henan and Inner
Mongolia. (6) Middle Yangtze River area embraces Hubei, Hunan, Jiangxi and Anhui. (7)
Southwest area is comprised by Yunnan, Sichuan, Guangxi and Guizhou. (8) Gansu, Qing-
hai, Ningxia and Xinjiang are included in Northwest area. The results are shown in Fig. 7.

In Fig. 7, suppliers of carbon emission permits congregate in Northeast China and North
China. This finding is mainly because the iron and steel industries, metallurgical industry,
and manufacturing were the mainstay industries of these areas in past decades; however,
with the transformation and transfer of these polluting industries, carbon emissions in these
areas have declined. Thus, these areas have surplus carbon emission rights to supply. In
contrast, with the “Rise of central China” proposed, Middle Yangtze River area and part of
the Southwest area vigorously develops secondary and tertiary industries (such as equip-
ment manufacturing, pharmaceutical manufacturing, energy exploitation and related deep
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Table 6 The impact of carbon ETS on energy input and carbon emissions

Energy reduction Energy reduction Emission reduction Emission
percentage (10”4 Ton) (10"4 Ton) trading
volume
(10”4 Ton)

2001 3.50% 14,767.21 29,750.33 7,658.62
2002 13.10% 62,200.26 125,256.75 19,393.21
2003 11.30% 61,893.29 124,735.09 31,564.13
2004 11.70% 74,383.97 149,980.74 23,770.05
2005 12.90% 96,077.71 194,137.43 29,981.53
2006 12.50% 102,605.70 207,038.06 33,649.72
2007 13.40% 119,997.69 241,717.22 33,335.16
2008 9.60% 90,040.45 181,092.55 33,335.16
2009 9.90% 98,022.19 196,905.55 29,801.57
2010 9.40% 101,957.93 204,653.22 31,998.53
2011 9.80% 117,717.99 235,564.24 41,295.03
2012 8.30% 102,228.12 204,206.65 39,595.18
2013 11.80% 144,485.69 287,852.26 46,340.52
2014 7.40% 91,563.70 182,050.82 35,997.98
2015 11.10% 137,273.95 272,293.04 24,128.37
2016 10.80% 135,016.93 267,479.94 49,536.81
Average 10.41% 96,889.55 194,044.62 31,961.35

processing), resulting in the need for a large number of emissions permits; this represents
43.2% of the total demand. The demand of Eastern Coastal area and Southern Coastal area
represents that approximately 46.4% of the total demand is due to the high carbon abate-
ment cost in these two areas.

3.2.7 The trajectory of carbon reduction from carbon ETS

As noted in Sect. 2.2, three means can be used to predict the carbon reduction amount
caused by carbon ETS. The first one is predicting the change trend of energy reduc-
tion percentage, and the carbon reduction amount is further expressed as the product of
CI,, (1 -6, and }'_, . However, it is clear from Table 6 that the trajectory of energy
reduction percentage fluctuates excessively resulting in the prediction of energy reduc-
tion percentage lacks statistical significance.

The second method directly forecasts the function relationship between carbon reduc-
tion volume and time. From the plot (Fig. 8), carbon reduction volume and time show
a strong logarithmic function relationship, and the regression function can be expressed
as:

TRCO,, = 73258 In(¢ — 2000) + 53610(R*> = 0.7897) (27)

The third method is determining the hidden factors that affect the carbon reduction vol-
ume significantly; then the trajectory of carbon reduction volume is projected based on the
change trends of these factors. From model (15), the production technology, the inputs’
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Fig.7 Geographical distribution of demanders and suppliers for carbon emission permits

level and initial emission permits are the main variables or parameters. Hence, we assumed
left MAC, right MAC, total energy input, energy intensity, carbon intensity are hidden
factors. Then, the stepwise regression method is employed to identify significant factors
among the above factors. The detailed regression results are shown in Tables 7 and 8. It
is shown that the right MAC influences the total emission reduction most significantly,
whereas other variables are excluded. The regression model is expressed as:

TRCO,, = 3.677 * 10"6 * RMAC, + 50591.58 (28)

Furthermore, a good fit between right MAC and logarithm of time can be found from
Fig. 9. The future right MAC can be predicted through the following model:

RMAC, = 0.0164 In( — 2000) + 0.0075(R = 0.7869) (29)

Hence, the predicted carbon reduction volume under the third method can be expressed
as:

TRCO,, = 60302.8 In(z — 2000) + 78169 (30)

Comparing Eq. (27) with Eq. (30), the emission reduction calculated by Eq. (27) is
greater than that calculated from Eq. (30). Therefore, in this paper, Eq. (28) is defined as
the optimistic estimation model, while Eq. (30) is defined as the conservative estimation
model.
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Table 7 Coefficients of

. del Model Unstandardized Coef- Standardized ¢ Sig
regression mode ficients Coefficients
B SE Beta
(Constant)  50,591.581 27,891.886 1.814 .091
Right MAC 3.677E6 672,125.093 .825 5471 .000

Dependent Variable: Carbon reduction

3.2.8 Accelerating effect estimation

Equation (18) is utilized to measure the accelerating effect of carbon ETS on emission
peak, and Table 9 reports the detailed results. The fourth and fifth columns show the peak
times and peak values with respect to 12 scenarios under an optimistic estimation of car-
bon ETS. The sixth and seventh columns are peak times and peak values under conserva-
tive estimation. Additionally, the last two columns calculate the peak time advances and
peak reductions from carbon ETS. From Table 9, the number of scenarios in which Chi-
nese carbon emission peaks occurs before 2030 under carbon ETS remains unchanged at
two. However, an evident accelerating effect of carbon ETS can be found; specifically, car-
bon ETS will be likely to advance the peak time by 1-2 years and reduce the peak value by
2.71-3 Gt; this pulls China’s peak value below the maximum level (12Gt) set by national
and international scholars. Among the scenarios in which China can reach its peak around
2030 (S4, S7, S8 and S9), S4 has less concussive impact on GDP than S7, S8 and S9, while
it involves greater pressure for improving emission efficiency than S8 and S9. However,
when the situation in which the suggested maximum peak value is no more than 12 Gt is
considered, S4 is the most feasible scenario.
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Table 8 Excluded Variables

Model Beta In t Sig Partial Correlation Col-
linearity
Statistics
Tolerance
Left MAC .066* .250 .807 .069 347
Energy input 4477 1.773 .100 441 311
Carbon intensity —.067% -.317 756 —.088 542
Energy intensity —.092¢ —.392 702 —.108 440

*Predictors in the model: (constant), right MAC
®Dependent variable: carbon reduction
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0.05 L
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0.03 /
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0.01 /

Right MAC (10,000 yuan/
tor

Fig.9 Change trend in right MAC

4 Conclusions and Policy Implications

To prevent “dangerous anthropogenic interference” in the climate system, nearly 200
countries have achieved the consensus that the maximum limitation for temperature rise
in this century is 2 °C. As the global largest CO, emitter, China’s commitment on peaking
its emissions before 2030 plays an indispensable role in achieving the 2 °C target. How-
ever, through scenario analysis, we found that it would be difficult for China to fulfill its
international promise unless, on the one hand, the economic growth slows, and the annual
deceleration rate is not less than 0.1%, on the other hand, the energy intensity needs to be
reduced at a high rate, and the EI by 2030 should be reduced by nearly 73.3% compared
with the level in 2005. Even if China can reach its peak before 2030 through slowing the
economic growth and reducing EI at a high rate, the peak value is higher than the expected
maximum value (i.e., 12Gt).

Fortunately, the Chinese government planned to establish a nationwide carbon trading
market for entire industries around 2020, and the marked accelerating effect of carbon ETS
on carbon peak can be proved through our newly proposed model. Specifically, the peak
time under carbon ETS is advanced one to two years, and the peak values in 2024-2028
range from 10.77-10.94 Gt and 11.11-11.29 Gt, respectively, with a 2.71-3 Gt reduction
in peak value.

Although carbon ETS has an accelerating effect on carbon peak, specific severe prob-
lems are also found through this study. First, the average right MAC and left MAC esti-
mated in this paper are 390-1625 yuan/ton, respectively, which are higher than the price
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used in China’s carbon trading pilot market (approximate 30—50 yuan/ton). The huge gap
between MAC and the current carbon trading price demonstrates that the carbon price
set in the current carbon market is overly conservative, and price distortion may occur in
China’s carbon trading pilot market. Second, the annual average carbon trading volume
is 0.320 Gt representing only approximately 4.3% of the total average carbon emissions,
indicating that the carbon trading market is not sufficiently vigorous. Additionally, the sup-
ply province for carbon emission permits decreased from 8 during the 11th Five-Year Plan
period to 6 during the 12th Five-Year Plan period and to 4 during the 13th Five-Year Plan
period, which results reveal that China’s carbon trading market is likely to fail to achieve
a balance between supply and demand, and supply shortages are likely to occur.

Based on the results obtained from this paper, several policy implications are provided
regarding the means by which China can more smoothly peak its carbon emissions before
2030 and implement national carbon ETS.

(1) First, the peak target requires China to develop its GDP with a low growth rate, which
is not conducive to improving people’s living standards and will create obstacles for
China’s entry into the “high-income” group; hence, enhancing people’s sense of access
to offset the impact of an economic slowdown on people’s lives is the prior problem
that needs to be solved.

(2) Second, it is necessary to accelerate the adjustment of the Chinese energy structure,
promote the use of clean energy such as nuclear, wind and photovoltaic energy, and
vigorously support the development of the tertiary industry. Thus, on the one hand,
China can reduce its energy intensity effectively to reach the carbon emissions peak
faster; on the other hand, the dependence on emission permits can also be alleviated
to prevent the shortage of carbon market supply.

(3) Third, it is of great importance to take effective measures to stimulate the vitality of
the Chinese carbon trading market. For example, the carbon trading price should be
carefully designed,l and the Chinese government should slowly raise the carbon trading
price to modify the fact that market pricing is inefficient. Furthermore, the excessive
issuance of carbon emission permits is also one of the reasons for the inadequate vital-
ity of the carbon trading market. Therefore, the Chinese government should reduce its
carbon emission permits issuance, and the allocation of carbon emission rights should
gradually shift from free issuance to an auction-based mode.

(4) Finally, technological progress plays a critical role in reducing carbon emissions. Gov-
ernment, at all levels, can actively build platforms for scientific and technological
innovation, increase R&D investment and enact other initiatives to promote the techno-
logical innovation on carbon emissions. It should be noted that technological progress
may cause an increase in carbon emissions rather than a decrease (this phenomenon is
called the rebound effect); hence, while developing science and technology, the addi-
tional carbon dioxide emissions caused by the rebound effect should be controlled.

Although our method takes the unsmooth characteristic of the DEA production fron-
tier into account, there are still some defects, which also exist in the DEA-based methods

! In a perfect market, price is a kind of market signal, which is mainly determined by many market fac-
tors, such as fuel price, macroeconomic, weather and other factors. It cannot be adjusted by the government
at will. However, China’s carbon trading market is still in its infancy, and its price is largely affected by
non-market factors, such as government regulation. Hence, we suggested that China should carefully set its
carbon trading price. The price set by the government is more of a guide price rather than a precise trading
price. And the precise trading price can be determined by other market factors on the basis of guide price.
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mentioned in the literature review, can be further filled. For example, the carbon emis-
sions trading process is treated as a black box problem and discussions on some detailed
issues, such as the setting of carbon trading price and the choice of carbon permits alloca-
tion mode, are ignored. Hence, how to open the black box of carbon trading in DEA-based
methods is worthy of further study. Moreover, our models do not take into account non
policy events, such as the outbreak of covid-19, which may lead to bias in our estimates.
How to integrate the impact of these events into models and improve the robustness of
models is one of the hot research directions in the future. Finally, we only considered a
simple situation, that is, a province is either the seller or the buyer, which may cause biases
if the differentiated pricing strategies are adopted. Hence, it is also worthwhile investigat-
ing the trading strategies when a province can be both a seller and a buyer.
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